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(54) Elevated temperature adsorption process 

(57) Oxygen is removed from gas streams by sub- 
jecting the gas stream to a pressure swing adsorption 
process carried out at temperature in the range of 300 
to 1400" C using as adsorbent a perovskite material 



having the structural formula ^^,J>J^^^O^^^, where A is a 
rare earth ion. U is Na. Ca, Sr. Ba or mixtures of these. 
8 is Co. Mn, Cr or Fe . x varies from 0. 1 to 1 and 6 is the 
deviation from stoichiometric composition resulting from 
the substitution of Sr, Ca and Ba for rare earth Ions. 
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Description 

[0001] This invention relates to the adsorption of ox- 
ygen from gas streams, and more particularly to the ad- 
sorption of oxygen from gas streams at elevated tem- 
peratures using ceramic material-based adsorbents. 
The invention is especially useful for producing high pu- 
rity nitrogen or high purity oxygen by the adsorption of 
oxygen from air using adsorbents having the perovskite 
structure. 

[0002] Air can be separated into its component parts 
by several techniques, the most common of which are 
cryogenic distillation, membrane separation and ad- 
sorption. Recent advances in adsorption technology 
have made this method of air separation highly suitable 
for a variety of applications, e. g. portable oxygen or ni- 
trogen generators. The particular adsorbent used in air 
separation depends, in general, upon the product that 
is sought. It is usually preferred to use an adsorbent that 
will adsorb the unwanted components from the gas be- 
ing separated, so that the desired product can be ob- 
tained as the non-adsorbed, high pressure product. 
Thus, when oxygen is the desired product, nitrogen-se- 
lective adsorbents, such as sodium- or lithium-ex- 
changed type X zeolite or calcium-exchanged type A ze- 
olite are used: and when nitrogen is the desired product, 
it is more efficient to use an oxygen-selective adsorbent. 
[0003] One of the more preferred oxygen-selective 
adsorbents is carbon molecular sieve (CMS), since ni- 
trogen of very high purity, e. g. 99% purity, can be pro- 
duced using this adsorbent. CMS adsorbs both oxygen 
and nitrogen: however, it adsorbs oxygen at a consider- 
able faster rate than it adsorbs nitrogen. Hence. CMS 
can be efficiently used for oxygen-nitrogen separations 
carried out by pressure swing adsorption (PSA) proc- 
esses having very short cycles. The adsorption is gen- 
erally carried out at temperatures below 50° C, since 
best results are obtained at low temperatures. 
[0004] Japanese Kokai Patent No. Hei 5(1993)-4044 
describes a process for the removal of oxygen from ox- 
ygen-containing gas by a temperature swing adsorption 
process using as the adsorbent a doped perovskite 
compound having the formula ABO^, where A is select- 
ed from Sr. La. Ba. Pb and Ca. and B is selected from 
Co, Fe and Zr, the perovskite being doped with metals 
other than those listed for A and B. The adsorption step 
of the described process is carried out at a temperature 
in the range of 0 to 900** C, and the desorption step of 
the process is carried out at a temperature of 20 to 900° 
C. 

[0005] It is sometimes desirable to separate oxygen 
from oxygen-containing gas streams by PSA at temper- 
atures above 100" C or even above 300" C by PSA tech- 
niques. Furthermore, it would be highly desirable to pro- 
vide a PSA process in which the adsorbed component 
is oxygen and it is obtained at very high purity. The 
present invention provides an oxygen-adsorbing PSA 
process that possesses these advantages. 



[0006] The invention comprises a PSA process 
wherein oxygen is adsorbed from gas mixtures to pro- 
duce, during the adsorbent regeneration step of the 
process, a high purity oxygen product gas. The process 
s is also capable of producing substantially oxygen-free 
gas streams, during the adsorption step of the process, 
as the nonabsorbed product component of the gas mix- 
tures. 

[0007] Accordingly the invention provides a process 
10 for separating oxygen from a gas mixture at a tempera- 
ture in the range of about 300 to about 1400° C com- 
prising (a) passing the gas mixture through at least one 
adsorption zone containing an oxygen-selective mixed 
conductor at an absolute pressure in the range of about 
'5 1 to about 50 bara, thereby preferentially adsorbing ox- 
ygen from the gas mixture, and (b) desorbing oxygen 
from the oxygen-selective mixed conductor by: (1) re- 
ducing the pressure in the at least one adsorption zone 
to about 10-3 to about 5 bara; (2) purging the at least 

20 one adsorption zone with a substantially oxygen-free 
gas: or (3) combinations of (1) and (2). 
[0008] Preferably the process further comprises re- 
peatedly performing steps (a) and (b) in sequence as 
steps of a cyclic adsorption process. 

25 [0009] Preferably the oxygen-selective mixed con- 
ductor is selected from the group consisting of: (2a) per- 
ovskite substances having the structural formula 
Ai.^M^BOj.^ . where A is a rare earth ion, M is Na. Ca. 
Sr. Ba or mixtures of these, B is Co. Mn, Cr, Fe or mix- 

30 lures of these, x varies from 0 to 1 and 6 is the deviation 
from stoichiometric composition resulting from the sub- 
stitution of Sr, Ca and Ba for rare earth ions: (2b) ceramic 
substances selected from the group consisting of Bi203, 
ZrOg, Ce02, Th02, Hf02 and mixtures of these, the ce- 

35 ramie substance being doped with CaO. rare earth met- 
al oxides or mixtures of these: (2c) brownmillerite oxide: 
and (2d) mixtures of any of these. 
[0010] More preferably the oxygen-selective mixed 
conductor is a perovskite substance of (2a). In a pre- 

-to ferred aspect of this preferred embodiment, A is La, Y 
or mixtures of these, and/or M is Ca. Sr or mixtures of 
these and/or B is Co, Fe or mixtures of these. Preferably, 
in this more preferred embodiment, x varies from about 
0.1 to 1 . and more preferably, x varies from about 0.2 to 

■*5 1, 

[0011] In other preferred examples of the invention, 
the oxygen-selective mixed conductor is a ceramic sub- 
stance of (2b), the ceramic substance being doped with 
a rare earth metal oxide selected from the group con- 
50 sisting of Y2O3. Nb203, Sm203, Gd203 and mixtures of 
these. 

[0012] Preferably the process is carried out at a tem- 
perature in the range of about 600 to about 1200° C. In 
a more preferred embodiment, the process is carried out 
55 at a temperature in the range of about 750 to about 
1100° C. 

[001 3] The adsorption step of the process, step (a), is 
preferably carried out at an absolute pressure in the 
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range of about 1 to 20 bara and is more preferably car- 
ried out at an absolute pressure in the range of about 1 
to about 1 5 bara. The adsorbent regeneration step, step 
(b), is preferably carried out by reducing the pressure in 
the at least one adsorption zone to a pressure In the 
range of about 10-2. i. e. 0.01 bara to about 1 bara. and 
is nnore preferably carried out by reducing the pressure 
in the at least one adsorption zone to subatmospheric 
pressure, for example, to about ^0'\ i. e.. 0.1 bara to 
about 0.8 bara. Alternatively or in addition, during step 
(b). purging the oxygen-selective mixed conductor Is 
preferably purgedwith a substantially oxygen-free gas. 
Preferred oxygen-free purge gases include steam, car- 
bon dioxide, nitrogen, argon, helium and mixtures there- 
of. 

[0014] Preferably, the at least one adsorption zone 
contains particulate material having a thermal conduc- 
tivity greater than that of the oxygen-selective mixed 
conductor material. In one aspect of this preferred em- 
bodiment, the particulate material is mixed with the ox- 
ygen-selective mixed conductor. In another aspect, the 
particulate material and oxygen-selective mixed con- 
ductor are formed into alternating layers. 
[001 5] Preferably, moisture selective adsorbent is po- 
sitioned upstream or downstream of the oxygen-selec- 
tive mixed conductor. In one aspect of this preferred em- 
bodiment particulate material having a thermal conduc- 
tivity greater than that of the oxygen-selective mixed 
conductor is positioned between the moisture-selective 
adsorbent and the mixed conductor. 
[0016] Preferably, carbon dioxide selective adsorbent 
Is positioned upstream or downstream of the oxygen- 
selective mixed conductor. In one aspect ol this pre- 
ferred embodiment, particulate material having a ther- 
mal conductivity greater than that of the oxygen-selec- 
tive mixed conductor is positioned between the carbon 
dioxide-selective adsorbent and the oxygen-selective 
mixed conductor. 

[0017] The adsorption process according to the in- 
vention is useful for separating oxygen from other gas- 
es. It is particularly useful for separating oxygen from 
nitrogen, for example by adsorbing oxygen from air, and 
is thus very suitable for the production of either or both 
of nitrogen or oxygen from air. Since the adsorbent is 
very effective at high temperatures, it Is Ideal for use in 
processes where it is desirable to remove oxygen from 
gas streams that are at high temperatures. This is often 
the case in Industrial chemical processes. 
[001 8] The process according to the invention can be 
carried out in an adsorption system comprising a single 
adsorption unit or a battery of adsorption units operated 
in phase, or a plurality of adsorption units or batteries of 
adsorption units operated out of phase, whichever is de- 
sired. When a system comprising a single adsorption 
unit or a battery of units all of which are operated in 
phase is used, the adsorption step must be periodically 
stopped to permit regeneration of the adsorbent bed(s). 
whereas when a plurality of adsorption units are em- 



ployed in parallel and operated out of phase, one or 
more units can be in adsorption service while one or 
more other units are undergoing regeneration to desorb 
oxygen, and if desired, collect the desorbed oxygen. Op- 

5 eratlon of the adsorption systems of the invention is pref- 
erably cyclical. In preferred examples of the Invention, 
adsorption cycles are repeatedly carried out in a manner 
such that production of the oxygen-depleted product or 
desorbed oxygen product gas is substantially continu- 

10 ous. 

[0019] The adsorbent used in the process of this in- 
vention is an oxygen-selective mixed conductor. By "ox- 
ygen-selective mixed conductor" is meant a ceramic 
material that exhibits both oxygen ion conductivity and 

^5 electronic conductivity. Properties of oxygen-selective 
mixed conductors are set forth in Lin et al.. "Oxygen Per- 
meation through Thin Mixed Conducting Solid Oxide 
Membranes". AlChE Journal, May 1994, Vol. 40. No. 5. 
pp. 786-798. the text of which is Incorporated herein by 

20 reference. 

[0020] Preferred oxygen-selective mixed conductors 
include ceramic materials selected from: (1) perovskite 
substances having the structural formula Ai.j^M^B03,^. 
where A is a rare earth ion, M is Na. Ca, Sr Ba or mix- 

^5 tures of these. B is Co, Mn. Cr. Fe or mixtures of these, 
X varies from >0 to 1 and 6 is the deviation from stoichi- 
ometric composition resulting from the substitution of Sr. 
Ca and Ba for rare earth ions: (2) ceramic materials se- 
lected from compounds such as 61303. Zr02. Ce02, 

00 ThOg, HfOj and mixtures of these, wherein the ceramic 
material is doped with CaO. a rare earth metal oxides, 
such as, for example, Y2O3, Nb203. Sm203. Gd203 and 
mixtures of these: a brownmillerite oxide: and mixtures 
of any of these. 

35 [0021] In a preferred embodiment the ceramic oxy- 
gen-selective mixed conductor is a ceramic substance 
having the perovskite structure, it can be appreciated 
that the oxygen-adsorbing capacity of the perovskite 
compound increases as the degree of substitution of di- 

^0 valent cation for rare earth cation increases. The maxi- 
mum oxygen adsorbing capability is attained when x, in 
the formula above, has a value of 1. Although oxygen 
adsorption can occur when the value of x Is 0. it is gen- 
erally not commercially feasible to use perovskite com- 

-^5 pounds having a value of x less than about 0.01 in the 
process of the invention. Preferably x has a value of 
about 0.1 to 1. and most preferably it has a value of 
about 0.2 to 1. 

[0022] Theoretically, the value of 6 is one-half the val- 
50 uc ol X. since for each two ions of divalent cation that 
arc substituted for two ions of rare earth cation two elec- 
irons Hro lost: hence the net positive charge of the com- 
pound rs decreased by 2 units. Accordingly, one ion of 
oxygen (nust be removed from the structure to maintain 
55 cleclncHl neutrality In practice, however, the estimation 
ol iho value ol 6 as one-half the value of x is only ap- 
ptoximale. since changes in the oxygen partial pressure 
tn the gas mixture and the presence of reducing com- 
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ponenls in the gas mixture may cause the actual value 
of 6 to vary from one-half the value of x. 
[0023] The preferred rare earth ions are La and Y and 
the preferred divalent cations are Sr and Ca. Also, B is 
preferably Co or Fe. Examples of adsorbents falling 
within the scope of this invention are La^.j(Srj(B03.5, 
Y,.j(Sr^B03.3. Yi.xCaxB03.^ and combinations of these, 
wherein B is Co, Mn, Cr or Fe. Specific perovskite ad- 
sorbents that are useful In the process of the invention 
include materials having the structural formulas: 
Lao.sSro2Mn03.5. Lao.7Cao.3Fe03.^. Yo.9Sro.iCr03^, 
SrCo03. etc. In the last compound. SrCo03. x has a val- 
ue of 1. 

[0024] It is sometimes desirable that the adsorption 
system include means to remove water vapor and/or 
carbon dioxide from the gas stream being fed to the sys- 
tem. This is particularly the case when the feed gas is 
ambient air and it is desired to produce moisture-free 
nitrogen. When it is desired to produce only oxygen, 
even moisture- and carbon dioxide-free oxygen, from, 
for example ambient air, it is not necessary to include 
water and/or carbon dioxide removal means In the sys- 
tem since the perovskite material does not adsorb mois- 
ture or carbon dioxide. When water and/or carbon diox- 
ide removal means is included in the adsorption system, 
it may be in the form of a initial layer of moisture- and 
carbon dioxide-selective adsorbent, positioned at the in- 
let end of the adsorption vessels. Alternatively, the sys- 
tem may contain a separate air prepurlficallon unit, to 
remove water vapor and carbon dioxide from the feed 
gas prior it its introduction into the mixed conductor-con- 
taining adsorption vessels. The prepuriflcation system 
may comprise one or more layers of moisture- and/or 
carbon dioxide-selective adsorbents. For example, it 
may comprise a layer or layers of a desiccant, such as 
activated alumina or silica gel to remove water vapor, 
and one or more layers of carbon dioxide-selective ad- 
sorbent, such as zeolite 5Aor zeolite 1 3X. Activated alu- 
mina is a preferred desiccant, since it sen/es to remove 
both moisture and carbon dioxide from the feed gas. Al- 
ternatively, the water and/or carbon dioxide removal 
means may be positioned downstream of the mixed 
conductor. 

[0025] The temperature at which the adsorption proc- 
ess of the invention is carried out Is a matter of choice 
and not critical. In general the adsorption process can 
be advantageously carried out at temperatures of about 
300 C or higher. The adsorption process is preferably 
carried out at temperatures above about 600*' C, and it 
is most preferably carried out at temperatures above 
about 750° C. The upper temperature at which the proc- 
ess can be carried out can be any temperature below 
which the perovskite material used as adsorbent begins 
to melt. Generally the process is carried out at temper- 
atures not exceeding about 1400°C. Is preferably car- 
ried out at temperatures not exceeding about 1200** C. 
and is most preferably carried out at temperatures not 
in excess of about 1 100* C. The adsorption and adsorb- 



ent regeneration steps may be carried out at the same 
or different temperatures, but are preferably carried out 
at about the same temperature, to avoid complications 
caused from temperature variation, such as thermal 
5 shock to the adsorbent and vessels and unnecessarily 
long heating and cooling times. 
[0026] The sometimes significant quantities of heat 
generated during the adsorption step can be dissipated 
by including thermal ballast in the system. This can be 

10 accomplished by mixing particles of materials having 
high thermal conductivities with the mixed conductor. Al- 
ternatively, when the system comprises two or more lay- 
ers of different adsorbent, for example an initial layer of 
alumina, silica gel or other desiccant, and a second layer 

^5 of one of the above-described oxygen-selective per- 
ovskite adsorbent(s). a porous layer of high thermal con- 
ductivity material can be placed between the adsorbent 
layers. This prevents or minimizes formation of hot and 
cold spots in the adsorbent layers. 

20 [0027] The pressure at which the adsorption step of 
the process is carried out is a matter of choice. In gen- 
eral, this step is usually carried out at a pressure at or 
above about 0.5 bar. absolute (bars). The minimum 
pressure at which the adsorption step Is carried out is 

2S preferably about 1 bara and is most preferably about 5 
bara. The upper pressure limit of the adsorption step of 
the process is determined by economics and limitations 
of the adsorption system and, in general, this step is de- 
sirably carried out at absolute pressures not in excess 

^0 of about 50 bara, is preferably carried out at pressures 
not in excess of about 20 bara. and is most preferably 
carried out at pressures not in excess of about 15 bara. 
[0028] The pressure at which adsorbent regeneration 
is carried out is likewise a matter of choice, and the min- 

3S imum pressure depends upon whether or not vacuum 
equipment is used to withdraw adsorbed gas from these 
vessels. Typically, the lower pressure limit during ad- 
sorbent regeneration in these vessels can be as low as 
10*^ bara, but is preferably not lower than about 0.01 

•^0 bara, and Is most preferably not lower than about 0.1 
bara. Adsorbent regeneration may be carried out at 
pressures as high as about 5 bara, but this step is pref- 
erably carried out at pressures not higher than about 2 
bara. and is most preferably carried out at pressures not 

^5 in excess of about 1 bara. Most preferably adsorbent 
regeneration Is carried out by reducing the pressure in 
the adsorption zone(s) to subatmospheric pressures, i. 
e. pressures below about 1 bara. using vacuum means 
such as a vacuum pump. During the adsorbent regen- 

50 eration step, the adsorbent may be purged with a gas 
that IS substantially free of oxygen. Preferred purge gas- 
es include steam, carbon dioxide, nitrogen, argon, heli- 
um .nnd mixtures of these. 

[0029| It will be appreciated that it is within the scope 
55 of ihc present invention to utilize conventional equip- 
ment 10 monitor and automatically regulate the flow of 
gases within the system so that it can be fully automated 
to run continuously in an efficient manner. 
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[0030] The invention is further illustrated by the fol- 
lowing example in which, unless' otherwise indicated 
parts, percentages and ratios are on a volume basis. 

EXAiVIPLE 

[0031] A high temperature PSA process was simulat- 
ed in an adsorption system comprising 2 adsorption ves- 
sels arranged in parallel and operated 1 80° out of phase 
such that one adsorption vessel is in the adsorption 
mode while the other is In the adsorbent regeneration 
mode, and vice versa. Each vessel of the system has 
an internal diameter of 1 inch and a length of 20 inches. 
The vessels are assumed to be packed with 250 g of 
Lao sStq 5C00 sFeQ 5O3.5 perovskite oxide having parti- 
cle size of 1-3 mm. The adsorption and regeneration 
steps of the process are assumed to be carried out at a 
temperature of 900° C. The adsorption step is assumed 
to be carried out at a pressure of 1 0 bara. and adsorbent 
regeneration is assumed to be carried out to a final pres- 
sure of 0.1 bara. When the average flow rate of air into 
the system is 11 liter/min (STP), the projected produc- 
tion rates of nitrogen and oxygen from the system are 
about 6.01 liter(STP)/min and 1.62 liter(STP)/min. re- 
spectively. The nitrogen and oxygen thus produced is 
projected to have purifies higher than 98% and 99.9%< 
respectively. 



Claims 

1 . A process for separating oxygen from a gas mixture 
at a temperature in the range of about 300 to about 
1400° C comprising (a) passing said gas mixture 
through at least one adsorption zone containing an 
oxygen-selective mixed conductor at an absolute 
pressure in the range of about 1 to about 50 bara. 
thereby preferentially adsorbing oxygen from said 
gas mixture, and (b) desorbing oxygen from said ox- 
ygen-selective mixed conductor by: (1 ) reducing the 
pressure in said at least one adsorption zone to 
about 10*3 to about 5 bara; (2) purging said at least 
one adsorption zone with a substantially oxygen- 
free gas; or (3) combinations of (1) and (2). 

2. A process according to claim 1 , further comprising 
repeatedly performing steps (a) and (b) in sequence 
as steps of a cyclic adsorption process. 

3. A process according to claim 2, wherein said oxy- 
gen-selective mixed conductor is selected from the 
group consisting of: (2a) perovskite substances 
having the structural formula A,.^M^B03.^. where A 
is a rare earth ion, M is Na, Ca. Sr, Ba or mixtures 
of these, 8 is Co. (Vln. Cr, Fe or mixtures of these, 
x varies from 0 to 1 and 6 is the deviation from sto- 
ichiometric composition resulting from the substitu- 
tion of Sr. Ca and Ba for rare earth ions: (2b) ce- 



ramic substances selected from the group consist- 
ing of BigOa. ZrOg, CeOg. ThOg. Hf02 and mixtures 
of these, the ceramic substance being doped with 
CaO, rare earth metal oxides or mixtures of these; 
5 (2c) brownmillerite oxide: and (2d) mixtures of any 
of (2a), (2b) and (2c). 

4. A process according to claim 3, wherein the more 
earth A is La. Y or mixtures of these. 

10 

5. A process according to claim 3 or claim 4, wherein 
X is 0.2 to 1. 

6. A process according to claim 3, wherein said oxy- 
'5 gen-selective mixed conductor is a ceramic sub- 
stance of (2a), said ceramic substance being doped 
with a rare earth metal oxide selected from the 
group consisting of Y2O3, NbgOj. Sm203. Gd203 
and mixtures of these. 

20 

I, A process according to any one of the preceding 
claims, further comprising, during step (b), purging 
said oxygen-selective mixed conductor with a sub- 
stantially oxygen-free gas. 

2S 

8. A process according to claim 7. wherein said sub- 
stantially oxygen-free gas is steam, carbon dioxide, 
nitrogen, argon, helium or mixtures thereof. 

-jO 9. A process according to claim 9. wherein said at 
least one adsorption zone contains particulate ma- 
terial having a thermal conductivity greater than that 
of said oxygen-selective mixed conductor. 

^5 10. A process according to claim 9, wherein said par- 
ticulate material is mixed with said oxygen-selective 
mixed conductor, or said paniculate material and 
said oxygen-selective mixed conductor are formed 
into alternating layers. 

40 

II. A process according to claim 10, wherein moisture 
selective adsorbent is positioned upstream or 
downstream of said oxygen-selective mixed con- 
ductor, and/or carbon dioxide selective adsorbent 

-^5 is positioned upstream or downstream of said oxy- 
gen-selective mixed conductor. 

1 2. A process according to claim 1 1 . wherein particulate 
material having a thermal conductivity greater than 

50 that of said oxygen-selective mixed conductor is po- 
sitioned between said moisture-selective adsorbent 
and said oxygen-selective mixed conductor. 

1 3. A process according to claim 1 1 , wherein particulate 
55 material having a thermal conductivity greater than 

that of said oxygen-selective mixed conductor is po- 
sitioned between said carbon dioxide-selective ad- 
sorbent and said mixed conductor. 
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A process according to any one of the preceding 
claims, wherein said gas mixture is air. 
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